The efficiencies of seven native species of eulophid parasitoids (Pnigalio katonis, Hemiptarsenus varicornis, Diglyphus isaea, D. minoeus, D. pusztensis, Chrysocharis pentheus and Neochrysocharis formosa) as biological control agents against Liriomyza trifolii in a greenhouse were evaluated based on their thermal tolerance in development and reproduction. All of them are solitary and idiobiont parasitoids, and their adults kill hosts directly by feeding on the hosts. Based upon their thermal tolerance, the species could be roughly classified into two groups, i.e., H. varicornis and N. formosa which are more adapted to high temperatures, and the other five species which are more adapted to low temperatures. In biological control, host killing by host-feeding is profitable in the release step, but becomes unprofitable in the mass-production step because it does not result directly in production of progeny. Hence, an evaluation method based on biological control efficiency (BCE) is proposed in this study as a comprehensive criterion for evaluating the efficiency of the parasitoids as biological control agents. The thermal tolerance and BCE clarified in this study revealed that D. isaea should be used in cool seasons and N. formosa in hot seasons, based on a borderline temperature of 20 to 25°C in the greenhouse.
INTRODUCTION
The serpentine leafmining fly, Liriomyza trifolii (Burgess) (Diptera: Agromyzidae), is one of the most serious pests of vegetables and ornamentals throughout the world (Spencer, 1973) . Though it originated in the New World (Spencer, 1990) , it has been globally distributed with the worldwide trade of vegetables and ornamentals (Minkenberg and van Lenteren, 1986; Minkenberg, 1988 Minkenberg, , 1990 . In Japan, it was first found in 1990 in Shizuoka and Aichi Prefectures, and is presently distributed throughout Japan (Kobayashi et al., 1992; Saito, 1992; Ozawa, 2001) .
Because L. trifolii had already acquired a high resistance to many insecticides (Parrella, 1987; Saito et al., 1992) , chemical control often caused rapid growth of the pest population due to an adverse impact upon native natural enemies (Saito et al., , 1996 . Two European species of parasitoid, Diglyphus isaea (Walker) and Dacnusa sibirica Telenga, have been introduced to Japan as an alternative control measure (Ozawa et al., 1993 (Ozawa et al., , 1999 Tatara et al., 1993; Saito et al., 1995; Ichikawa et al., 1996; Shibao et al., 1996; Matsumura et al., 2001) . Consequently, the environmental risk of introduced natural enemies is presently the center of global interest (Hirose, 1999; van Lenteren et al., 2003) , which urges us to use native natural enemies as biological control agents. In Japan, more than 200 species of leafmining flies have been recorded (Sasakawa, 1961) and are attacked by many species of native parasitoids (Takada and Kamijo, 1979; Sugimoto et al., 1983; Kato, 1994 Kato, , 1996a . After invading Japan, L. trifolli has also been attacked by native parasitoids (Saito et al., 1996; Arakaki and Kinjo, 1998; Konishi, 1998; Nishino and Utida, 1999; Ohno et al., 1999a; Matsumura et al., 2003) . Some of the parasitoids, including eulophids are being developed as biocontrol agents against L. trifolii (Saito, 1997; Ohno et al., 1999b; Takesaki et al., 1999; Abe, 2001) .
As shown later in this paper, greenhouses in western Japan experience extreme temperature conditions throughout the year, unlike the outside atmosphere. The biocontrol agents are required to be highly adaptive to such temperature conditions. The present study examined the thermal tolerance of seven eulophid species (Table 1) that commonly constitute a predominant group, in both species diversity and abundance, among parasitoid communities on leafmining hosts in western Japan (Takada and Kamijo, 1979; Sugimoto et al., 1983; Kato, 1994 Kato, , 1996a and on L. trifolii in Japan (Konishi, 1998) . After clarifying the thermal tolerance in development and reproduction throughout their lifetimes on L. trifolii, we evaluated the comprehensive efficiency of the eulophids as a biocontrol agent against L. trifolii. All eulophid parasitoids examined here have the following common traits in their parasitization strategy. First, they are idiobiont (see Askew and Shaw, 1986) and solitary larval-parasitoids to leafmining flies (Kato, 1996a, b; Sugimoto, 1998) . Second, female adults, after inserting the ovipositor into a host larva through the leaf epidermis, feed on the host hemolymph as an energy source for oviposition and survival, i.e., host-feeding (Jervis and Kidd, 1986) . Thus, they kill hosts both by parasitization and host-feeding (Sugimoto and Ishii, 1979) . Finally, they are haplodiploid (see Gauld and Bolton, 1988; Godfray, 1994) , but the Neochrysocharis formosa examined in this study was exceptionally thelytokous (Arakaki and Kinjo, 1998; Ohno et al., 1999b) due to infection from a symbiont, Wolbachia (see Stouthamer and Luck, 1993; Werren, 1997) .
MATERIALS AND METHODS
The culture of L. trifolii and parasitoids, and all experiments were carried out under 70% RH and a photoperiod of 14L : 10D, at which time the temperature was varied as needed. All the experiments were conducted from 1994 to 2000.
Host. L. trifolii was acquired from the Shizuoka Agricultural Experimental Station in 1992, was continuously cultured on kidney beans, Phaseolus vulgaris, at 25°C under the above described conditions. Table 1 were obtained from Chromatomyia horticola (Goureau) on peas, Pisum sativum, in Nara Prefecture from 1994 to 2000; H. varicornis was provided by the Shizuoka Agricultural Experiment Station in 1996 and N. formosa was provided by the Kagoshima Agricultural Experiment Station in 1998. In addition, D. isaea (introduced) was provided by Arysta Life Science Corporation for comparison with D. isaea (native) in 1995. These parasitoids were reared generation-by-generation on L. trifolii larvae under the same conditions as in hosts.
Parasitoids. P. katonis, D. isaea (native), D. minoeus, D. pusztensis and C. pentheus in
Experimental equipment. All experiments were carried out in a transparent plastic cylinder (20 cm high, 10 cm wide) covered on top with organdy. A kidney bean plant with two primary leaves infested with host larvae was put in a 50 ml glass vial with water and corked with cotton, and was placed in the plastic cylinder. Larvae in the late second-to the early third-instar, which originated from eggs laid during the past 24 h, were used as hosts in all experiments.
Effect of temperatures upon parasitoid development. The developmental period of parasitoids was examined at 15, 20, 25, 30 and 33°C. Then, parasitoid species that did not show any developmental delay even at 33°C were also examined at 35°C and 37°C. Five females of N. formosa, or five pairs of the other species were released into the experimental equipment for parasitization. The equipment was kept at 20°C for 24 h and contained a kidney bean plant infested with about 60 hosts. Then, the plants were kept at the various temperatures, described above, until the adult eclosion of 74 T. HONDO et al. parasitoids. Effect of temperatures upon female longevity and number of hosts killed by parasitization and host-feeding. A single female of N. formosa, or one female and three males of the other six species which were randomly selected within 24 h after adult eclosion, were reared until death at 15, 20, 25 and 30°C in the experimental equipment including a plant infested with about 60 hosts. The plant was exchanged with a new one everyday, and the removed plants were stored at 20°C until the eclosion of adult parasitoids for sexing. Killed hosts on the plants were checked daily under a binocular stereomicroscope to discriminate whether mortality was due to parasitization or hostfeeding. With regard to ectoparasitoids (Table 1) , the cause of host death was recognized as parasitization when eggs or larvae were found on or beside the dead hosts. With regard to endoparasitoids, it was recognized as parasitization when eggs or larvae were found within the dead hosts. The number of hosts killed by host-feeding was obtained by subtracting the number of hosts killed by parasitization from all hosts killed.
RESULTS

Effect of temperature upon parasitoid development
At 15°C, the developmental period was much shorter in D. isaea (native) and D. minoeus, and much longer in H. varicornis and N. formosa than in other species (Table 2 ). In particular, it was approximately twice as long in N. formosa as in D. minoeus (Tukey-Kramer test: pϽ0.05). C. pentheus and N. formosa developed more slowly than the others at temperatures above 20°C (Tukey-Kramer test: pϽ0.05). Up to 25°C, in all species the developmental period decreased as the temperature increased. However, at 30°C no female and only three males of D. minoeus emerged from more than 50 individuals examined. P. katonis, D. isaea (native and introduced), D. minoeus, D. pusztensis and C. pentheus appeared to be less tolerant to high temperature during development, because at 33°C many individuals died before adult eclosion; furthermore, the development of surviving individuals was delayed. However, the development of H. varicornis was slightly delayed above 35°C, and N. formosa showed no developmental delays even at 37°C. Thus, regarding development, N. formosa was the most tolerant to high temperatures among all species examined.
The regression equations for the reciprocal of the developmental period on temperatures were obtained by extrapolation between 15 and 30°C for all species except D. minoeus, and between 15 and 25°C for D. minoeus, based on the data in Table 2  (Table 3) . From these equations, the threshold temperature for development (°C) was the lowest for C. pentheus and the highest for H. varicornis. The thermal constant required for complete development (day-degree) was the largest for C. pentheus and the smallest for H. varicornis.
Effects of temperatures upon female longevity and number of hosts killed by parasitization and host-feeding
The mean longevity of female adults of all species became shorter as the temperature increased (Table 4) All died prior to adult eclosion.
( Table 4 ). Net reproductive rates (R 0 ) and intrinsic rates of natural increase (r m ) (Birch, 1948) of the seven species at various temperatures were estimated based on the data presented in Table 4 (Table 5 ). R 0 of D. isaea (native) was the highest among the seven species at 15°C and 20°C, more than threefold that of the other species at 15°C, but was medial at 25°C and 30°C. r m in D. isaea (native and introduced) were also high compared with the other species at 15°C and 20°C. r m for D. isaea (introduced) changed with temperatures, similar to D. isaea (native). R 0 and r m in N. formosa and H. varicornis were low at 15°C, but increased with increasing temperatures. In particular, at 30°C the R 0 of N. formosa was more than twofold greater than that of the other species. However, R 0 and r m for P. katonis, C. pentheus and D. minoeus were very low above 20°C. D. minoeus seldom reproduced at any of the temperatures examined.
DISCUSSION
Thermal tolerance of native parasitoids
van Lenteren (1986) listed eight criteria for preintroductory evaluation in selecting a biocontrol agent from exotic natural enemies, six of which he indicated as important criteria for 'a seasonal inoculative release' programme closely related to biocontrol in greenhouses. Only three criteria of them are concerned with a utility of native natural enemies, i.e., the great reproductive potential and the good density responsiveness (Walde and Murdoch, 1988) as well as a good culturing method. The former two criteria are closely related with climatic conditions, particularly with temperature. Greenhouses in western Japan experience extreme temperature conditions, unlike outside of them, with a wide range of changing temperatures throughout the year; for example, according to records in the Shizuoka Agricultural Experiment Station, Shizuoka Prefecture from 1995 to 1997, the mean daily temperature was 15.6°C (with the range of 6.0-31.6°C) in winter and about 28°C (19.0-44.9°C) in summer (Dr. A. Ozawa, personal communication). Thus, biocontrol agents used in such greenhouses must be highly adaptable to extreme temperatures, which is equivalent to van Lenteren's third criterion, 'climatic adaptation' for pre-introductory evaluation of exotic natural enemies (van Lenteren, 1986) . Therefore, before selecting a biocontrol agent against leafminers among native parasitoids, which would be used in a seasonal inoculative release programme in greenhouses, it is imperative to evaluate their thermal tolerance, particularly in relation to development and reproduction throughout their lifetimes. The present study was concerned with seven species of eulophids which constitute the predominant group in parasitoid communities on leafmining flies in western Japan (Takada and Kamijo, 1979; Sugimoto et al., 1983; Kato, 1994 Kato, , 1996a and on L. trifolii in greenhouses in Japan (Konishi, 1998) . As a result of this study, they could be roughly classified into two groups; namely, H. varicornis and N. formosa, which are more adaptable to high temperatures, and the other five species, which are more adaptable to low temperatures. It should be noted that host mortality by parasitization of D. isaea (native) was the highest among the seven species at all temperatures examined, though it decreased sharply above 25°C (Table 4) . Reverse of this, that of D. minoeus was the highest at 15°C among all the temperatures examined, though very low on the whole. In Japan, D. minoeus is predominant in parasitoid communities in highlands, but is minor in lowlands (Kato, 1996a, b) . D. minoeus seems to be adaptive to comparatively low temperatures. Sugimoto (1998) suggested that based upon the global distribution of both leafmining flies and their parasitoids, leafmining flies and their parasitoids inhabiting Japan could be classified into southern-region distributed species and northern-region distributed species, in each, and that those two classifications could be closely related to their respective thermal tolerance. The two groups of native parasitoids classified in this study agree well with his proposal.
Comprehensive evaluation of effectiveness of parasitoids in release and mass-reproduction stages It is often stated that an efficient parasitoid should have a potential rate of population increase (r m ) equal to or larger than that of its host. All of the eulophid parasitoids examined here kill hosts not only by parasitization, but also by host-feeding. Host killing by host-feeding is promising for the effective control of pest insects (Yamamura and Yano, 1988; Kidd and Jervis, 1989) . Hence, an evaluation of efficient parasitoids should be based not only upon parasitization, but also upon hostfeeding (van Lenteren, 1986) . However, host killing by host-feeding complicates this evaluation, unlike in parasitoids that do not kill hosts by hostfeeding. Namely, host killing by host-feeding can be profitable for parasitoid release in the field, but will be unprofitable in mass-production since it does not directly result in production of progeny. Therefore, because the effect of host killing by host-feeding is reverse between these two steps in the biocontrol programme, the efficiency of parasitoids as biocontrol agents should be comprehensively evaluated based on the efficiencies in these two steps. In other words, this means to determine a relation between the number of hosts killed by a mother parasitoid (equivalent to the cost expended) and that of hosts killed by all of her daughters in the release step (equivalent to the reward obtained). This relation can be expressed by a rate of the reward to the cost (i.e., rate of total number of hosts killed due to both parasitization and host-feeding by all of the daughters to the number of hosts killed due to both behaviors by their mother). Hence, we propose the following evaluation method for biological control efficiency (BCE).
Here, the equation refers to the number of hosts killed by parasitization of a mother as N ov and that by her host-feeding as N hf , also to that by parasitization of a daughter as N Ј ov and that by her hostfeeding as N Ј hf . Moreover, it refers to the mean number of eggs laid per host as a, the proportion of female progeny as R. aRN ov is approximately equal to the net reproductive rate (R 0 ) of the mother. (N Ј ov ϩN Ј hf )/(N ov ϩN hf ) varies with the combination of temperatures the mother and her daughters experience, respectively (Table 4) . This is independent of the ratio of host mortalities by parasitization and by host-feeding since the term is only the ratio of total host mortalities between two steps in the biocontrol programme (Table 5) . Thus, BCE is dependent on R 0 , and in particular equal to R 0 when the mother and her daughters are exposed to the same temperature. BCE is not affected directly by host-feeding because the unprofitable result of host killing by host-feeding of the mother is set off by the profitability of host killing through host-feeding by her daughters. In the above equation, BCE increases if we can reduce N hf by some means. Ueno (1997) suggested an efficient mass-production procedure by reducing the degree of host-feeding by providing females with an artificial diet in place of the hosts. His proposal is only acceptable when the cost for the artificial diet is cheaper than that for the hosts. Table 6 shows BCE for the seven parasitoid species calculated with the assumption that they, after being mass-produced at 20°C, are released at various temperatures. The BCE of N. formosa at temperatures above 25°C was the highest among the species examined and, conversely, that of D. isaea (native) was the highest at 15°C and 20°C, though the BCE of these two species were consistently high among all the species examined. D. isaea (introduced) was inferior in BCE to D. isaea (native) since, in contrast with D. isaea (native), it killed few hosts by parasitization as compared to those killed by host-feeding (Table 4) . Hence, this study indicates that none of the parasitoid species examined could be consistently used as an effective biocontrol agent throughout the year in greenhouses in western Japan, because of the extremely wide ranging change of temperature in the greenhouses. Among D. isaea (native) and N. formosa, both with superior values of BCE, D. isaea (native) would be applicable for a relatively wide range of temperatures, but its BCE decreased at 30°C. Therefore, due to its high temperature tolerance, N. formosa would be useful above 30°C, but inferior below 20°C. N. formosa and D. isaea (native) should be discriminatively used in western Japan based upon a borderline temperature of 20 to 25°C in greenhouses; that is, D. isaea (native) for the cool season from late fall to late spring, and N. formosa for the hot season from early summer to early fall. 
